We report on magnetoresistance oscillations in superconducting NbN x nanowires synthesized through ammonia gas annealing of NbSe 3 precursor nanostructures. Though the transverse dimensions of the nanowires are much larger than the superconducting coherence length, the voltage-current characteristics of these nanowires at low temperatures are reminiscent of onedimensional superconductors where quantum phase slips are associated with the origin of dissipation. By contrast, we show that both the magnetoresistance oscillations and voltagecurrent characteristics observed in this work result from the granular structure of our nanowires.
Superconducting nanowires have recently received intense attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . On one hand, they are highly desirable in future electronic nanodevices. For example, nanowires of zero-resistance are ideal interconnects since they can circumvent the damaging heat produced by energy dissipation in a normal nano-conductor whose high resistance is inversely proportional to its cross-section area. Furthermore, in the resistive state they can also act as superconducting quantum interference devices 9, 10 . On the other hand, superconducting nanowires provide unique experimental testbeds to investigate and discover novel superconducting phenomena in confined geometries: Falk et al. probed dynamics of a few-row vortex lattice in NbSe 2 nanowires 15 and
Tian et al. reported an anti-proximity effect in Zn nanowires with bulk superconducting electrodes 12 . Quasi one-dimensional (1D) superconducting nanowires with diameters comparable to the zero-temperature superconducting coherence length ξ 0 have been the research subject of thermal and quantum phase slip phenomena which induce dissipation at temperatures near and away from the superconducting critical temperature, respectively.
The observation of quantum phase slips (QPS) associated with the long resistance tail in the resistance versus temperature (R-T) curves at low temperatures is of significance not only for 1D
superconductor but also for understanding the decoherence of a quantum system due to interaction with their environment 14 . However, interpretation of these results can be flawed by the presence of granularity in the nanowires that could give rise to a similar temperature dependence of the resistance 4, 7, 13, 16 . In fact, long resistance tails were observed in large NbTi nanowires and attributed to quantum collective creep of vortex lines 3 . It has also been demonstrated that the broadening of the superconducting transition can be induced by the size dependence of the critical temperature in the wire and/or even by the contact electrodes if they are made of the same material as the wire 17 .
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In this Letter we report experiments on free-standing superconducting NbN x nanowires which are stable in ambient atmosphere, enabling the attachment of gold electrodes for standard fourprobe measurements. We observed intriguing magnetoresistance oscillations, which we attribute to the granular nature of the nanowires. More importantly, in addition to the long tail in the R-T curves, we observed specific characteristics in voltage-current (V-I) measurements which resemble those 2, 13 reported in 1D superconductors where QPS were believed to be the origin for the low temperature dissipation. Since the transverse dimensions of our NbN x nanowires are much larger than ξ 0 and both the resistance tail in the R-T curves and the V-I characteristics can be attributed to the granular nature of the nanowires, our results highlight the complexity of probing QPS in superconducting nanowires. we observe reproducible and pronounced oscillations in both samples. Similar magnetoresistance oscillations were observed in Nb-Ti/Cu multilayers in parallel magnetic fields and interpreted as the dynamic matching of a moving vortex lattice with the periodic microstructure 19 . However, we find significant differences between the data in multilayers and ours: the magnetoresistance oscillations in multilayers persist up to the normal state while in our samples they occur only at low dissipation levels (less than 20%R N ) and in the low field regime where the change of the magnetoresistance is relatively weak. More importantly, the dynamic matching induced oscillations 19 disappear at low driving currents, in contrast to the data presented in Fig.2 (a) which
show that the amplitude of the oscillation decreases with increasing current. The observed oscillation periods are consistent with two physically different field scales, which turn out to be of the same order of magnitude. The first one is the lower critical field H c1 in a thin film strip of width w smaller than the London penetration depth, λ. For NbN x , λ(0) at zero temperature is about 200 nm. Thus, for sample A (T c0 = 9.94K) at T ≥ 9K and, we have λ(T)
where Φ 0 is the flux quantum 20 sets the field increment required for penetration of the first few vortex rows resulting in resistance and magnetization oscillations 21 . For w = 300 nm and w/ξ =100 characteristic of our nanowires, H c1 ≅ 20 mT is consistent with the oscillation periods in Fig.2(b) . Given the rough edges of NbN nanowires, one can hardly expect an ideal penetration of parallel vortex rows, but Experiments on the magnetic field orientation effect on the resistance oscillation also provide strong support for the above interpretation. The inset of Fig.3(a) presents R-H curves obtained with the magnetic field applied at angles from perpendicular (φ = 0°) to parallel (φ = 90°) to the wire axis. Oscillations can be seen in all R-H curves and the period increases when the applied field is tilted towards the wire axis. The angular dependence of the oscillation period can be understood given the fact that only the perpendicular component of the magnetic field can penetrate GBs, thus, the period ΔH should increase as 1/cosφ. Indeed, this dependence was revealed by the experimental data plotted in the main panel of Fig.3(a) for the dominant period.
Considering that a loop of intragranular screening current may not be precisely contained in the x-I plane, the fitting and the experimental data are reasonably consistent. Data given in Fig.3(b) provide further evidence: the same tendency is also observed for the oscillations in R-H curves with the magnetic field rotating in the plane perpendicular to the wire axis. In this case the oscillation period or the first peak field H 1 as defined in the inset again follows the relation ~ 1/cosθ at angles up to 70°.
As we mentioned above, there has been a long running debate on the origin of the resistance tail in R-T curves of quasi 1D superconducting nanowires, since both QPS and granularity of the nanowires at low temperatures. In a granular nanowire, this can be explained by the increase in the quasiparticle tunneling rate due to the suppression of superconductivity in the grains arising from current induced depairing and/or self-heating 28 .
In summary, we observed magnetoresistance oscillations in free-standing superconducting for sample A at 9.2 K, where R osc is the oscillatory part of the R-H curve at I =2 µA.
